m-, depending on the volume of air sampled). Air mass back trajectories (5 day, three dimensional) showed that air masses sampled during the southwest monsoon had advected over the open Indian Ocean, while air masses sampled during the intermonsoon had advected over northeast Africa, the Saudi Arabian peninsula, and southern Asia. These calculations were consistent with the results of the statistical analysis performed on the data set which showed that the variance due to crustal species during the intermonsoon samples was greater than the variance due to crustal species during the southwest monsoon. The factor scores for the crustal components were also greater when the back trajectories had advected over the nearby continental masses. Principal component analysis was also performed with the intermonsoon samples where aqueous labile Fe(II) was above the detection limit. Aqueous labile Fe(II) did not correlate well with other species indicating possible atmospheric processing of the iron during advection. The source of metals to cloudwater is from "dry" aerosol serving as cloud condensation nuclei or by impaction processes between the dry interstitial aerosol and the cloudwater droplets. Aqueous chemistry occurring in the cloudwater in the presence of light and in a complex matrix alters the speciation 3511 
Introduction
A knowledge of the detailed chemical speciation of metals in atmospheric aerosols is important to understanding their role in atmospheric chemistry (cloud chemistry) and their fate in surface ocean waters after deposition. Once deposited in the ocean, metal speciation is critical to assessing the ability of marine biota to utilize atmospherically derived trace elements as micronutrients Morel, 1990, 1993 Previous studies have investigated the aerosol over the Indian Ocean. Chester et al. [1991] studied the distributions of aerosol trace metals over the Indian Ocean. Samples were collected during the northeast monsoon period off the coast of Oman, and in the tropical southern Indian Ocean where there were no large-scale upwind continental sources. They found strong latitudinal variations in the chemical signatures of aerosols over the Indian Ocean. Savoie et al. [Savoie et al., 1987] collected aerosol samples in the northwestern Indian Ocean and found significant variations in nitrate and non-sea-salt (NSS) sulfate concentrations which were a consequence of the variation in the impact of continentally derived aerosol.
The purpose of this study was to determine the chemical composition of ambient aerosol in both the fine and coarse aerosol fractions during the intermonsoon and southwest monsoon periods over the Arabian Sea. Specific attention was given to the speciation of Fe in the ambient aerosol by conducting labile-Fe(II) measurements immediately after sample collection during the cruise. The chemical characterization of the aerosol was used to investigate sources and other factors which control both total and labile Fe concentrations.
The relationship between atmospheric labile-Fe(II) and marine biological activity, which was measured concurrently during the cruise, was also investigated.
Methods

Aerosol Collection
Ambient aerosol samples were collected using two collector types: (1) a high-volume dichotomous virtual impactor (HVDVI) [Solomon et al., 1983] and (2) cleaned periodically in the field by wiping the surfaces clean with KimWipcs wetted with Milli-Q UV water. Filters were stored in acid-cleaned polystyrene petri dishes taped shut with Teflon tape, placed inside two plastic bags and stored in a refrigerator during the cruise. After the cruise, the filters were sent back to Caltcch (via air freight) and stored in a freezer until analysis. A sector sampling system was used to simultaneously control all of the aerosol collectors. The system was configured to allow collection of ambient aerosol samples only when the relative wind dircction was _+90 ø off the bow during the intermonsoon cruise and _+60 ø off the bow during the southwest monsoon cruise. The sector sampling system was not in operation during the first 12 samples of the intermonsoon cruise, and therefore the aerosol collectors were manually controlled. This resulted in 6 of the 12 samples during this time to have collected aerosol "out of sector" (see Discussion section for Several fractions of labile Fe(II), in both the fine and coarse particles collected on the two HVDVI filters, were determined by a sequential extraction procedure. These measurements were initiated immediately (within 1 hour) after sample collection in order to minimize any changes in Fe oxidation state due to possible redox reactions occurring during sample storage. Table 1 [Stookey, 1970; Carter, 1971 ] and subsequent absorption measurements using a portable spectrophotometer (Shimadzu UV-1201).
Analysis Performed After the Cruise
Totai concentrations for 31 elements (Na, Mg, AI, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ge, As, Se, Mo, Ru, Cd, Sn, Sb, Cs, Ba, La, Ce, Sm, Eu, Hf, Pb, and Th) were measured in both the coarse and fine fractions of the atmospheric aerosol (using the filters from the HVDVI). The method included a strong acid digestion of the aerosol samples, and subsequent analysis using inductively coupled plasma mass spectrometry (ICP-MS) with a Hewlett-Packard 4500 instrument. The same samples were also analyzed on a Perkin Elmer/Sciex 6000 ICP-MS for 17 elements (Na, Mg, A1, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd, Sb, Ba, and Pb) for quality control. 
Total Elemental Concentrations
The mass of total suspended particulates (TSP) was determined with the filters originating from the two low-volume collectors; therefore two data points per sampling interval are represented in Figure 
Concentrations of
Another interesting observation is the increase of Fe(II)t ot•abi•o to total
Fe in the coarse fraction for samples M32/3-21 through M32/3-23 (shown as a lower limit using the detection limit for total Fe); this corresponds to the same three samples with the large fine Fe contribution seen in Figure 3b . There is no obvious explanation for these observations. Furthermore, it seems to be against common expectations; the air masses sampled had traveled over long periods of time during which the aerosol was probably subjected to considerable weathering, photoreductively increasing its relative Fe(II) content [Faust and Hoign•, 1990; Zuo and Hoign& 1992]. Concurrently, however, the selective removal of the larger aerosol fraction, due to their faster settling velocities, results in a large decrease in the coarse aerosol loadings, while the fine fraction is not affected in the same way. Unless the coarse side of the collector collects some fraction of the fine particles which are heavily enriched in Fe(II), there seems to be a mechanism by which Fe(II) is enriched more selectively in the coarse than in the fine aerosol fraction. This could be explained by sequential cloud processing which may affect aerosols of distinct size and composition in different ways.
Although our research focused on atmospheric particulate matter, the primary focus of the cruise was the investigation of nutrient fluxes (primarily nitrogen species) in the water column and its role on biological productivity. One major observation during the cruise was an extensive bloom of the N2-fixing Cyanobacterium, Trichodesmium erythraeum [Capone et al., 1998 ]. In addition, the ability of Trichodesmium erythraeum to sequester new nitrogen makes it an important component of biological productivity in the central Arabian Sea, which is oligotrophic. The enzyme, which is responsible for nitrogen riched. Although the reason for these enrichments is not clear, two speculated sources of these enrichments may be contamination (e.g., ship exhaust) or a natural source of these elements. One potential natural source which may explain the enrichment observations is ultramafic rock which has an elemental profile which is generally consistent with the observed enrichments. Ultramafic rock is made up of ferromagnesian minerals (olivine and pyroxene), which, as the name suggests, contain higher than normal concentrations of iron and manganese. These types of rocks are associated with the Earth's mantle, of which a piece, known as the Samail ophiolite formation [Hess, 1989] , is residing on the coast of Oman. Table 5 lists the composition of a typical ultramafic rock and that of the crustal average used in determining the above enrichment factors. In order to directly compare the EFs in Table 4 (Table 4) to match the value in column 3 in Table 5 . The elements in parentheses in Table 5 Intermonsoon (M323) and southwest monsoon (M325) samples are shown. BDL, below detection limit.
Sample EF(Sc) EF(Ti) EF(V) EF(Cr) EF(Mn) EF(Fe) EF(Cu) EF(Zn) EF(Mo) EF(Sb) EF(Cs) EF(Ba) EF(La) EF(Ce)
M323
Factor Analysis
Principal component analysis, also called factor analysis, serves to simplify the interpretation of a large data set by reducing the number of observed variables. The correlation matrix for the data set is used to combine those variables which correlate strongly into independent variables, resulting in a smaller set of orthogonal variables that describe the total variance of the data almost as well as the original set of variables. These new variables, called principal components or factors, usually represent the distinct sources by which the sampled aerosol is composed. This identification of different sources is essential to the knowledge of the detailed chemical composition as well as to estimating the potential for chemical transformation of the aerosol during its residence time in the atmosphere. In the presence of a contamination source which contributes significantly to the variance of the data set, a factor with those characteristics will emerge for the analysis. However, this is only the case if the source's chemical composition contributes significantly to the variance of the data set. This will be discussed in further detail below.
The first principal component analysis was performed using the measurements from both cruises. The intermonsoon and southwest monsoon measurements were combined for this analysis since the potential sources, deduced from the AMBTs, for both the cruises will be the same, due to the relatively large sampling area covered. The observed variables used in the analysis were the fine and coarse elemental compositions, the total anion and cation concentrations, and the wind speed.
Only those measurements with most of the values above the detection limit were included in the analysis. limit for the variable. Table 6 shows all the extracted components with an eigenvalue greater than 1. The extracted components in Table 6 describe 87.3% of the total variance of the data set, of which over half (63.9.0%) is accounted for by the first three components. Figure 6 displays the factor scores for each factor plotted against the sample number. Since factor scores are the weight of each factor in a sample, the curves in Figure 6 show the relative contribution of each component in every sample in terms of variance. The results in Table 6 Contamination of the samples may be a reason for some of the components and the large enrichment factors observed for some elements. Anthropogenic sources from the continents, such as smelting operations, cannot be excluded. The potential of having sampled the Meteor's exhaust plume was substantial during the 6 of the first 12 samples during the intermonsoon cruise, when the sector-sampling system was not working properly. Table 8 summarizes the sector-sampling system operation during this time including the time the aerosol samplers collected out of sector and if the ship plume passed over the collectors. Owing to the burning of relatively trace metal free diesel fuel, the direct assignment of one of the unknown factors to be representative of the diesel contribution is difficult.
Throughout the cruise, a considerable amount of different kinds of waste was incinerated. Incineration took place on a sporadic timescale and included old paints and old oil. Because of the wide range of different materials burned, the exhaust may have varied its chemical fingerprint from incident to incident, making it impossible to be detected as a single and simple component in the factor analysis. Paints used on the Meteor contained Zn, Ti, Pb, Cr, Ba, and Fe. Note that every one of the 11 paints used on the Meteor only contains one or two of these metals. The chance for having sampled some of these metals from the incinerator may exist. A slight chance of sampling the plume will always exist during the maneuvering of the ship as drifters are being put out or taken in, even though the sector-sampling system is working correctly.
Factor analysis was also performed using only the intermonsoon samples and including the Fe(II)aq,labile,ViN E measurements. The results for this factor analysis were nearly identical to the previous factor analysis and are therefore not shown.
The Fe(II)aq,labile,FiN E had a 0.67 correlation coefficient for the 
